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SUMMARY

The initial step in estrogen-regulated transcription is the binding of a ligand to its cognate receptors,
named estrogen receptors (ERa and ERb). Phytochemicals present in foods and environment can compete
with endogenous hormones to alter physiological responses. We screened 224 flavonoids in our engi-
neered biosensor ERa and ERb PRL-array cell lines to characterize their activity on several steps of the es-
trogen signaling pathway. We identified 83 and 96 flavonoids that can activate ERa or ERb, respectively.
While most act on both receptors, many appear to be subtype-selective, including potent flavonoids that
activate ER at sub-micromolar concentrations. We employed an orthogonal assay using a transgenic ze-
brafish in vivo model that validated the estrogenic potential of these compounds. To our knowledge,
this is the largest study thus far on flavonoids and the ER pathway, facilitating the identification of a
new set of potential endocrine disruptors acting on both ERa and ERb.

INTRODUCTION

Estrogen receptor is amember of the nuclear receptor (NR) superfamily of transcription factors that regulate gene expression in response to a

variety of stimuli. Upon hormone binding, ER interacts with its DNA response elements, recruits coregulators, and either increases (with ag-

onists like 17b-estradiol, E2) or decreases (with antagonists like 4-hydroxytamoxifen, 4HT; or ICI182,780, ICI) transcription of target genes.

Estrogen receptors include two subtypes, estrogen receptor-a (ERa) and estrogen receptor-b (ERb). Estrogen signaling plays a vital role in

multiple tissues such as the bone,1 mammary gland,2 cardiovascular,3 and endometrium.4 Overactivation or disruption of this pathway can

lead to diseases such as osteoporosis5 and breast cancer,6,7 highlighting the importance of estrogen receptor research. Modulations to

the pathway can come in the form of endocrine disrupting compounds (EDCs) acting on estrogen receptors at inappropriate times.8 Previous

studies by the ToxCast initiative using a combination of 18 high-throughput assays for ER activity found 111 out of 1,812 chemicals as active

and, by using a set of 45 chemicals (‘‘EPA45 library’’), the authors were able to predict in vivo activity using only in vitro assays.9 Furthermore,

since the early 2000s, studies have shown the ability of several plant chemicals, termedphytoestrogens, to activate human estrogen receptors.

Clearly, phytoestrogens and many industrial chemicals such as bisphenol A (BPA), DDT, and genistein have been shown to bind ER, alter

normal ER physiology, and also increase the proliferation of breast cancer cells.10

Within the large family of phytoestrogens, flavonoids are a subfamily of polyphenolic plant compounds, some of which are consumed in

human diets (i.e., soy, tea, wine, fruits, and vegetables11). Flavonoids generally have a 15-carbon skeleton composed of two phenyl and one

heterocyclic ring. The compounds can be found in many different plant sources including berries, tea, chocolate, and spices.12 In plants, fla-

vonoids produce the pigment for flower coloration and are involved in UV filtration and nitrogen fixation. In humans, flavonoids can affect

multiple physiological pathways including angiogenesis,13 bone regeneration,13–15 and the inflammatory pathway.16,17 Flavonoids have

also been investigated as therapeutic agents for diseases such as atherosclerosis,18 Alzheimer’s disease,19,20 depression,21,22 and several

types of cancer,23–27 as they have potential anti-oxidant and anti-inflammatory properties.

Previous studies have investigated the ability of flavonoids to activate ER, findingmixed results in physiology and disease. One of themost

studied flavonoids, the soy phytoestrogen genistein,28 has been shown to bind to both ERs and activate classical signaling cascades,29,30 with
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Figure 1. Screen of 224 flavonoid compounds in PRL-ERa and PRL-ERb cell lines

(A) Representative images of ERa-GFP and dsRed2 FISH under DMSO and 1nM E2 treatment for 1 h.

(B) Fraction of cells with a visible array in DMSO and E2 1nM control wells in ERa-GFP:PRL-HeLa screening plates.
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Figure 1. Continued

(C) Fraction of cells showing a visible array after treatment for 1h with 224 flavonoids at 10mM in ERa-GFP:PRL-HeLa cells. Green box represents 3 Z scores above

DMSO.

(D) For the compounds considered a hit in ERa-GFP:PRL-HeLa, the dsRed2 FISH intensity is calculated relative to E2. The red dot is 10nM 4HT, the yellow dot is

1nM E2.

(E) Representative images of GFP-ERb and dsRed2 FISH following 1h DMSO or 1nM E2 treatment.

(F) Fraction of GFPL-ERb:PRL-HeLa cells with a visible array in DMSO and E2 1nM control wells from screening plates.

(G) Fraction of cells showing a visible array after treatment for 1h with 224 flavonoids at 10mM in GFPL-ERb:PRL-HeLa. Green box represents 3 Z score above

DMSO.

(H) For the compounds considered a hit in GFPL-ERb:PRL-HeLa, the dsRed2 FISH intensity is represented relative to E2. The red dot is 10nM 4HT, the yellow dot is

1nM E2. * p value <0.05. Errors bars represent standard deviation.
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a preference for ERb. Studies suggest that genistein can be neuroprotective in Alzheimer’s disease without activating cancer pathways that

are common from E2 treatment.31 Meta analysis has shown that isoflavonoid compounds, a subfamily of flavonoids, exert a beneficial effect

against estrogen-deficient bone loss.32 On the other hand, overuse of licorice root, a plant with many flavonoids,33 can lead to irregular men-

strual cycles in women and reproductive problems in men,34 both of which can be due to increased estrogen levels.35,36 While many studies

exist that examine flavonoid actions through ER binding, these studies are not typically robust, only focusing on a single or small set of com-

pounds including genistein, daidzein,37 apigenin,38 naringenin,39 equol,40 and quercetin.41 Interestingly, studies have also shown differences

in binding affinity for ERa and ERb for flavonoid compounds such as corylifol A (ERa-selective)42 and 9-prenylapigenin (ERb-selective).43 Given

our routine use of highly multiplexed high-content analysis assays for receptors (ERa,44 AR,45 PR46), we sought to investigate a wider range of

flavonoids and determine their effects on both estrogen receptor subtypes.

In this study, we utilized the previously described and highly validated multiparametric PRL-HeLa array biosensor cell line backbone44 to

test 224 flavonoids for their estrogenic activity on both ERs.We found that 37%of flavonoids in the library (83/224) caused ERaDNAbinding at

concentrations of 10mMor lower, while 43% (96/224) induced ERbDNAbinding.When comparing chemical structures, the highest enrichment

for hits was in the isoflavone and chalcone groups, with over 50% of the compounds inducing ER DNA binding as visualized by high

throughput imaging at the engineered, readily visible ERE-rich locus. We further analyzed two compounds, isobavachin and phenoxodiol,

that activate ERa at low nanomolar concentrations (EC50 of 1.28nM and 13.97nM, respectively); their impact was further demonstrated on

ER signaling and growth of MCF-7 breast cancer cells. We also identified three potent compounds showing ERa/b agonist activity. Finally,

we investigate ER-subtype selective compounds in our PRL-array cell culture models and in an orthogonal assay involving a transgenic zebra-

fish model47 of ER activity. Our mechanistic HT screening with ER biosensor models and follow-on results in an orthogonal animal model sup-

port the notion that continued inquiry of flavonoid action on both estrogen receptors holds promise to better understand their environmental

impact in the food supply, and potentially identify new therapeutic moieties.

RESULTS

Profiling 224 flavonoid compounds for ER activity via single cell high content analysis

In an effort to add high throughput assays for EDCs characterization, we have previously profiled the EPA45 library,9 a reference set of 45 ER

agonists, antagonists, and inactive chemicals, using the PRL-array ERa models,48 and in MCF7 cells measuring ERa levels and activity.44,49

Within the EPA45 set there are five flavonoid compounds, four of which modulated ERa. Our data, along with numerous reports that

show that flavonoids can act as phytoestrogens, inspired us to test a larger number of compounds within this chemical class for estrogenic

activity using our sensitive, high throughput microscopy-based imaging assay. We acquired a library of 224 flavonoid compounds from Sell-

eckchem to test in our PRL-array cells expressing either ERa or ERb.50 This library is comprised of a wide range of flavonoid structures,

including flavones, isoflavones, chalcones, and some glycosylated versions, as well as a few non-standard flavone compounds (Figure S1A

illustrates examples of flavonoids structures in comparison with the ER agonist 17b-estradiol, E2). We usedNR-ToxPred (a support vector ma-

chine-basedweb server51) to predict the activity of the flavonoids in the library on ER and other nuclear receptors (Figure S1B), with ERa having

the highest predicted activity with the compound set, followed closely by progesterone receptor (PR) and ERb.

We tested the library in both ERa- and ERb-expressing biosensor cells lines ERa-GFP:PRL-HeLa and GFP-ERb:PRL-HeLa. These cell lines

contain a tandem array of ER binding sites taken from the prolactin gene controlling a dsRed2 reporter gene (Figure S2A) stably multimerized

�100X into the genome of HeLa cells. This stable line, combined with tet-inducible ERa-GFP (Figure S2B) or GFP-ERb (Figure S2B), allows for

visualization andquantitation of estrogenic activity of compounds including agonists (E2) and antagonists (4HT).While the fluorescent dsRed2

reporter protein is functional, it takes 24–48 h to visualize accumulation; as a result, we utilize smRNA FISH (small molecule fluorescence in situ

hybridization) of the dsRed2mRNAas a transcriptional readout on the same timescale as array formation (30-120m). The screening focused on

identifying flavonoids that were able to induce GFP-ER signal over the PRL-array locus (representing ER binding to the engineered ERE-rich

genomic locus), which is low in DMSO control treatment, and then rapidly (�minutes) increases following E2 (Figures 1A and 1E for

ERa-GFP:PRL-HeLa and GFP-ERb:PRL-HeLa, respectively), and treatment with other known ER ligands. For ERa-GFP:PRL-HeLa, negative

and positive controls (DMSO and 1nM E2) showed significant separation in the fraction of cells with a visible array within the assay plates,

with 21% of DMSO-treated cells and 70% of E2 cells having arrays, respectively (Figure 1B). We tested the library at an initial concentration

of 10mM for 1 h and identified 85 compounds (using a Z score>3 cutoff, the list of hits is provided in Table S1) that induced ERa-GFP DNA

binding (green box, Figure 1C). Intriguingly, 35 of the 85 hits (43.2%) have no published literature suggesting they are potential ERa ligands
iScience 27, 109275, March 15, 2024 3
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Figure 2. Extended dose response library breakdown for hits from flavonoid screen

(A) Heatmap representing DNA binding (proportion of cells with array) and dsRed2 FISH intensity at three concentrations for both ERa-GFP:PRL-HeLa andGFPL-

ERb:PRL-HeLa cell lines. The scale represents each features Z score compared to DMSO.

(B) Percentage breakdown of the flavonoid library by chemical class.

(C) Percent of compounds from each library that hit in each cell line.

(D) Normalized dsRed2 FISH intensity for compounds in the screen that reduced FISH signal. Compounds with an asterisk also formed an array. *p < 0.05. Error

bars represent standard deviation.
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(based on reviews,52 PubChem, and PubMed searches; Table S1). Within the primary screen, we simultaneously measured transcriptional

output using an RNA FISH probe to the dsRed2 reporter gene as reported previously.53 Only one compound (P276-00) that induced ER-

loading onto the PRL array was shown to suppress gene transcription, whereas all 84 other hits increased gene transcription when compared

to DMSO. 82 of the flavonoids that increased FISH signals were between 60 and 120% of E2 induction (green dot, Figure 1D).

For GFP-ERb:PRL-HeLa, again, control treatments (DMSO and 1nM E2) showed significant separation in the fraction of cells with a visible

array within the assay plates, with 25% of DMSO-treated cells having array and 75% of E2 cells having arrays (Figure 1F). The GFP-ERb:PRL-

HeLa has been known (Abbott et al., submitted) to have a higher ligand independent DNA binding than the ERa counterpart. Using the same

3 Z score cutoff, we found that 96/244 compounds increased array formation more than DMSO (Figure 1G). 37 of the 96 hits (38.5%) have no

published literature suggesting they are potential ERb ligands (Table S1). Unlike the ERa-GFP:PRL-HeLa cells, most of the array inducing fla-

vonoids in theGFP-ERb:PRL-HeLa cells line produced less FISH signal than E2, with only 4 compounds inducingmore reporter gene transcrip-

tion (Figure 1H).

As shown in ToxPred, other nuclear receptors could also be modulated by flavonoids. For that reason, we tested the flavonoid library in

androgen receptor (GFP-AR)45 (Figures S1C and S1E) and progesterone receptor (GFP-PR)46 (Figures S1D and S1F) PRL array biosensor cell

lines, which have similar endpoints as the ER cell lines. As control for GFP-AR, we use 100nMdihydrotestosterone (DHT), the natural ligand for

androgen receptor. As control for GFP-PR, we use 100nM progesterone (P4), the natural ligand for progesterone receptor and 100nM R5020,

a synthetic ligand. While the controls successfully induced array formation for their target receptors, none of the flavonoids induced array

formation in either cell line at 10mM after 2 h of treatment.

We then chose to validate the hits from the primary screen at two lower doses (100nM and 1mM), to determine the relative potency of these

compounds to induce ER array loading and transcriptional output (Figure 2A). From this approach, we identified six compounds that induced

ERa DNA binding and transcription (G-equol, equol, genistein, isobavachin, phenoxodiol, and neodiosmin) at the 100nM dose, with four

compounds (equol, genistein, isobavachin, and phenoxodiol) also active in the GFP-ERb:PRL-HeLa cells at the same dose. 23 compounds

induced ERa-GFP:PRL-HeLa activity at 1mM, with 36 compounds inducingGFP-ERb:PRL-HeLa activity. We next examined the hits by chemical

classes. Figure 2B shows the entire library fractionated by chemical structure similarity, with flavones and glycosylated flavones being themost

dominant class. When evaluating which compound class had the highest enrichment of hits, we found that chalcones (55%) and isoflavones

(57%) were the most frequent for ERa (Figure 2C), with isoflavones accounting for the most compounds active at 100nM. For ERb, chalcones

(60%) and glycosylated chalcones (56%) were the most enriched for active compounds.

Six flavonoids (Figure 2D) within the screen suppressed transcriptional output to a lower level than DMSO (only one of which, P276-00, also

induced array formation) which suggests inhibition of basal transcription. These included flavopiridol and flavopiridol HCl, two known tran-

scriptional inhibitors. Collectively, these data reveal the breadth of activity of flavonoid-related compounds in modulating estrogen receptor

function.
Isobavachin and phenoxodiol are potent activators of ERa and ERb

During the screen, we identified two compounds, isobavachin (IBV) and phenoxodiol (PHX), that induced ERa and ERb PRL-array targeting

(DNA binding) and transcription (mRNA FISH) at the 100nM dose. There is a paucity of information on these compounds which sparked our

interest in following them up further. A paper from 2006 showed isobavachin as an activator of ERa54 at similar doses. PHX is a semi-synthetic

metabolite of daidzein that displaced E2 from ERa in a rat uterine cytosol assay,55 although at much higher concentrations than used in our

assay. Neither compound has been shown to be an ERb activator. We performed extended dose responses for both active flavonoids and E2

andmeasured ERa-GFP:PRL-HeLa array formation (Figure 3A) and transcriptional induction (Figure 3D), and GFP-ERb:PRL-HeLa array forma-

tion (Figure 3G) and transcriptional activity (Figure 3J).We determined EC50 for DNAbinding in ERa-GFP:PRL-HeLa for E2, IBV, and PHX to be

0.023nM, 1.28nM, and 17.76nM, respectively (Figure 3M). For GFP-ERb:PRL-HeLa, the EC50 for E2, IBV, and PHX were determined to be

0.017nM, 0.22nM, and 14.31nM, respectively. These two compounds were found to have the lowest EC50 of any flavonoid compound in

the screen and induced transcription equivalent to E2 in terms of RNA FISH intensity at the PRL locus.

We next compared these hits to structurally related compounds within the library. For IBV, we performed extended dose responses on the

closely related compounds bavachin, isobavachalcone, and neobavaisoflavone, and determined the DNA binding and transcription data for

ERa-GFP:PRL-HeLa (Figures 3B and 3E, respectively) and GFP-ERb:PRL-HeLa (Figures 3H and 3K, respectively). IBV had a 4,000-fold lower

EC50 for ERa (and 1,000-fold lower for ERb) than its closely related compounds, perhaps due to its non-linear structure when compared to

the others (Figure 3M). IBV and its related compounds were all more potent in the GFP-ERb:PRL-HeLa model.

For comparison to PHX, we performed dose responses on the closely related compounds genistein,Gequol, and daidzein, and evaluated

DNA binding and transcription for ERa-GFP:PRL-HeLa (Figures 3C and 3F, respectively), and PRL-ERb (Figures 3I and 3L, respectively). PHX

had a 10-fold lower EC50 than its parent compound, daidzein, for both ERa and ERb, with slightly lower EC50 than the other isoflavones
iScience 27, 109275, March 15, 2024 5
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Figure 3. Isobavachin and phenoxodiol are potent activators of estrogen receptor

Dose-response curves in ERa-GFP:PRL-HeLa measuring proportion of cells with an array for (A) E2, isobavachin, and phenoxodiol, (B) isobavachin, bavachin,

isobavachalcone, neobavaisoflavone, or (C) phenoxodiol, genistein, Gequol, and daidzein. Dose-response curves in ERa-GFP:PRL-HeLa measuring average

dsRed2 FISH intensity for (D) E2, isobavachin, and phenoxodiol, (E) isobavachin, bavachin, isobavachalcone, neobavaisoflavone, or (F) phenoxodiol,

genistein, Gequol and daidzein. Dose-response curves in GFPL-ERb:PRL-HeLa measuring proportion of cells with an array for (G) E2, isobavachin, and

phenoxodiol, (H) isobavachin, bavachin, isobavachalcone, neobavaisoflavone, or (I) phenoxodiol, genistein, Gequol and daidzein. Dose-response curves in

PRL-ERb measuring average dsRed2 FISH intensity for (J) E2, isobavachin, and phenoxodiol, (K) isobavachin, bavachin, isobavachalcone, neobavaisoflavone,

or (L) phenoxodiol, genistein, Gequol and daidzein.

(M) Table including compounds structures and calculated EC50. Error bars represent standard deviation.
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(Figure 3M). These results also confirm previously published data discussing estrogen receptor subtype-selectivity for flavonoids as IBV, ba-

vachin, isobavachalcone, neobavaisoflavone, and Gequol show greater than a 5-fold selectivity for either estrogen receptor.
IBV and PHX activate ERa target genes and proliferation in MCF-7 cells

Next, to validate our results from the engineered PRL-array model in an orthogonal assay, we sought to determine if IBV and PHX had similar

estrogenic actions in an endogenous setting. First, we determinedwhether the flavonoid hits could activate the well-studied ERa target gene,

GREB1,53 in the ERa-positive cell line MCF-7. Using smRNA FISH with probes designed to hybridize to either the introns or exons of GREB1

(representative images in Figure S3A 56), we tested two concentrations of the compound for 24 h of treatment. We measured significant in-

duction of transcriptionally active GREB1 alleles following: (1) E2 treatment (1nM), (2) IBV treatment at both 10 and 100nM, and (3) PHX at

100nM (Figure S3B). Transcriptionally active alleles are defined as an overlapping of intron and exon probes at a defined subnuclear location

(for more information see Mistry R.M. et al.56). Additionally, we also utilized qPCR to evaluate whether these compounds induced GREB1

steady state mRNA expression. Figure S3C shows activation of GREB1 transcription as compared to DMSO after 24 h of E2 (1nM), IBV

(10nM), PHX, genistein, Gequol (100nM), neobavaisoflavone, bavachin, isobavachalcone, and daidzein (1mM). Furthermore, we sought to

determine if IBV and PHX could stimulate proliferation of MCF-7 cells similarly to E2. MCF-7 cells (Figure S3D) were treated with different

doses of several of the compounds for 120 h, and then cell number was counted by HT imaging. All compounds tested increased the number

of MCF-7 cells (around 150% increase in cell number) compared with DMSO with E2 being the most potent, followed by G equol, then IBV,

and PHX. Taken together, these data demonstrate that IBV and PHX are powerful estrogenic compounds in a physiologically relevant system.
Isosakuranetin, echinatin, and loureirin A are activators of ER

In the primary screen, we identified several flavonoids with no previously reported connection to estrogen receptors. Three of themost potent

were isosakuranetin, echinatin, and loureirin A. Isosakuranetin is a flavone found in plums and mandarin oranges,57 echinatin is a chalcone

found in Chinese licorice root, and loureirin A, a chalcone, is found in mundu fruit (Garcinia dulcis),58 a sour orange-like fruit in tropical Asian

countries, and dragon’s blood (Dracaena cinnabari), a tree used for dyes and medicine in the Mediterranean.59 Therefore, we performed an

extended dose response for these three compounds in our ERa-GFP:PRL-HeLa and GFP-ERb:PRL-HeLa cell lines. Echinatin was able to

induce increased array formation (Figure 4A) and accumulation of reporter gene RNA (Figure 4D) in both ERa and ERb models with EC50

values of 173.59nM and 69.48nM, respectively. Isosakuranetin had similar EC50 for induced array formation (Figure 4B) for ERa (147.88nM)

and ERb (143.12nM), but, interestingly, the EC50 for activation of the RNA FISH (Figure 4E) was over 10-fold lower for ERa when compared

to ERb. However, of the three compounds tested, Isosakuranetin was the least capable of inducing dsRed2 reporter gene. For loureirin A,

similar EC50 measurements for array induction (Figure 4C) were for ERa (50.05nM) and ERb (76.18nM); however, again, ERa RNA FISH induc-

tion occurred at a lower concentration than ERb (Figure 4F).We next sought to determine effects of these compounds onGREB1 gene expres-

sion (Figure 4G) and proliferation (Figure 4H) in MCF-7 cells. Although all three compounds significantly increased GREB1 expression when

compared to DMSO, only echinatin induced expression to the same level as E2. All three compounds were also able to induce cell prolifer-

ation, but loureirin A (50% increase) was not able to reach the level of E2 (150% increase), while isosakuranetin and echinatin were able to do

so. Altogether these data show evidence that these three flavonoids are potent activators of both ERa and ERb.
Subtype-selective flavonoid activators of ER

Performing the screen in both the ERa-GFP:PRL-HeLa and GFP-ERb:PRL-HeLa cells lines afforded us the ability to determine subtype spec-

ificity and selectivity of the flavonoid compounds. From the primary screen, we found 14 compounds that only induced array formation in

the ERa-GFP:PRL-HeLa and 24 compounds that only induced array formation in the GFP-ERb:PRL-HeLa (Figure 5A). It is important to note

that all of these compounds had EC50 > 1mM (as seen in Table S1), and it is possible that had we used a higher concentration than 10mM,

more of these compounds would have been hits for both receptors. To illustrate, we plotted the EC50 for each hit compound (Figure 5B) to

better understand subtype-specific compounds. In addition to IBV, neobavaisoflavone, bavachin, and isobavachalcone, licochalcone A, a

chalcone found in licorice (Glycyrrhiza glabra), is another compound with ERb-selectivity is,. Lichochalcone A shows a 5-fold preference

(Figure 5C) for ERb (EC50 92.1nM) compared to ERa (EC50 508.23nM). Interestingly, the highest dose tested (10mM) of licochalcone A

did not activate RNA FISH expression in the ERa-GFP:PRL-HeLa cell line (Figure 5D), but it did activate the dsRed2 reporter gene in

GFP-ERb:PRL-HeLa.
iScience 27, 109275, March 15, 2024 7



Figure 4. Echinatin, isosakuranetin, and loureirin A as activators of estrogen receptors

Dose-response curves for ERa-GFP:PRL-HeLa andGFPL-ERb:PRL-HeLa showing the proportion of cells with a visible array for (A) echinatin, (B) isosakuranetin, and

(C) loureirin A. Dose-response curves for ERa-GFP:PRL-HeLa and GFPL-ERb:PRL-HeLa for normalized dsRed2 FISH intensity for (D) echinatin, (E) isosakuranetin,

and (F) loureirin A.

(G) GREB1 gene expression in MCF-7 cells with E2 at 10nM and isosakuranetin, echinatin, and loureirin A at 1mM after 24 h of treatment.

(H) Proliferation assay in MCF-7 cells. * p value <0.05. Error bars represent standard deviation.
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Figure 5. Subtype selectivity of compounds in the flavonoid screen

(A) Venn diagram of hits in the ERa-GFP:PRL-HeLa and GFPL-ERb:PRL-HeLa cell lines.

(B) Scatterplot looking at hit compounds ERa-GFP:PRL-HeLa and GFPL-ERb:PRL-HeLa cell lines. Compounds that were not a hit in a cell line were set at

100000nM dose. Dose-response curve for licochalcone A for (C) proportion of cells with array and (D) normalized dsRed2 FISH intensity.

(E) Example images of zebrafish following different treatments.

(F) Heatmap showing percent of zebrafish embryos with GFP-positive heart or liver upon a given treatment. nR 18 zebrafish embryos per condition. Error bars

represent standard deviation.
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Utilizing an orthogonal organismal assay to assess flavonoids activity in vivo

To further test the activity of flavonoid compounds in an in vivomodel, we utilized a previously published transgenic zebrafish model47 that is

capable of differentiating between ERa and ERb activities. In the zebrafish model, compounds that activate the ERE-GFP reporter in the liver

do so by binding to the zebrafish homolog of ERa (zebrafish esr2a and esr2b), while ERE-GFP in the heart valves is an indicator of ERb activity

(zebrafish esr1). Figure 5E shows example images of the zebrafish embryos treated with DMSO or 100nM E2 for 3 days post fertilization, with

yellow arrows identifying ERE-GFP signal in the liver and red arrows indicating ERE-GFP signal in the heart. We found that E2, IBV, PHX,

and Gequol, activate ER signal in both the heart and liver at the highest nonlethal doses tested (Figure 5F, images in Figures S4B–S4F).

We tested the flavonoid compounds with concentrations up to 100mM, and all caused embryo death, while the same amount of DMSO

was not lethal (examples in Figure S4A). Within the zebrafish assay, we see subtype selective effects with liquiritigenin (Figure S4C), which

at 10mM only activates the ERE-GFP in the zebrafish heart (e.g., ERb). IBV (Figure S4E), at 1mM, resulted in GFP-positive livers in 83.3% of

the zebrafish but GFP-positive heart valves in only 41.6%.Neither isosakuranetin, echinatin, nor loureirin A activated the ERE-GFP in the zebra-

fish at the nonlethal doses tested (<100mM). We hypothesize that this is likely due to the previously characterized reduced sensitivity of the

zebrafish assay.47 Even with the positive control E2, the ERE-activity in the zebrafishmodels does not appear until 10nM, meaning this assay is

much less sensitive (�2 logs) than our PRL-array lines, likely reflecting the role of ligands to be absorbed through the skin. Even so, we could

measure subtype selectivity and dose responsiveness further lending evidence that the newly characterized flavonoids compounds are being

ER activators in a subtype-selective manner.

DISCUSSION

In this study, we present a primary screen and follow-on results designed to determine how a library of 224 flavonoid compounds affected

mechanistic steps (DNA binding and transcription induction) associated with ER transcription across multiple cell-based assays. Some flavo-

noid compounds have previously been evaluated in multiple assays due to their bioactivity and presence in highly consumed dietary sources.

Many flavonoids have been shown to have antioxidant activity and other beneficial effects, including their effectiveness as cancer treatments.

A few studies8,32,60 have revealed some flavonoids possess an ability to activate ERa and ERb transcription and induce proliferation; indeed,

many flavonoids are termed phytoestrogens, but only a small number of their large chemical family has routinely been investigated. A recent

study showed how a flavonoid, isosinensetin (used at low micromolar concentrations, not present in our library screen), can rescue estrogen

deficiency-induced osteoporosis through ER pathway activation in murine bone assays.61 In our high throughput, high content screen, we

confirmed many known ER-active compounds (genistein, daidzein, apigenin), and determined that within our 85 hits, 49 (57.6%) had no sci-

entific literature attributing the compound to ERa activation, thus justifying the screening approach with an HT amenable mechanistic HCA-

based screen. Interestingly, out of all the hits only two of the compounds inducedER recruitment to the PRL array but suppressed transcription

(P276-00 and irigenin). This is as opposed to compounds such as bisphenols, where our group found that >50%of bisphenols tested could act

antagonistically in these cells.62 We identified, for the first time, multiple ERa-active flavonoids that are found in human-consumable plants

used in everyday life including rice (epicatechin gallate), sage/rosemary (4,7-demethoxy-5-hydroxyflavone, eriodictyol, hesperetin, and many

more), mandarin oranges (acacetin), raspberry (isoquercitrin), and cucumbers (vitexin and isovitexin), thus markedly increasing human pop-

ulation exposure to estrogenic compounds through food consumption.63,64 While we have focused our efforts on the rapid, genomic

signaling of E2, flavonoids that did not activate the PRL-array locus could possibly activate ER through non-canonical pathways, such asmem-

brane ER or GPER.

Many of the flavonoids show specificity for one receptor over the other, with 21 compounds showing at least a 5-fold preference. It is well

documented that ERb has a smaller and narrower ligand binding pocket than ERa with only two amino acids different in the ligand binding

cavity.65 These changes lead to the design of ligands with receptor subtype specificity like PPT (ERa) and DPN (ERb).66 Agonist-induced acti-

vation of the estrogen receptors requires the movement of helix 12 to allow for the recruitment of coactivators (such as SRC-3, p300) and

finally, recruitment of RNA polymerase to activate transcription.67 We previously discovered compounds within the EPA45 library (progester-

one, dibutyl phthalate) [45] that could induce array formation without significantly inducing the dsRed2 FISH signal above DMSO.We hypoth-

esize these compounds, upon binding, change the conformation to allow for DNAbindingwhile not changing the position of helix 12 enough

to recruit coactivators (like true agonists) or corepressors (like true antagonists).

Intriguingly, IBV and PHX were the two most potent flavonoids in the library that activated ERa, with EC50 of 1.28nM and 17.76nM,

respectively. IBV, found in Psoralea corylifolia, a plant used in Indian and Chinese traditional medicine (used to treat the skin condition,

lichen planus68), was the most potent compound in the screen. A single previous article from 200654 has shown IBV and its related com-

pounds as activators of ERa, and a related article showed IBV could induce proliferation in MCF-7 cells.60 Further evidence of IBV effects on

the ERa pathway comes from the finding that it is protective against osteoporosis69 where IBV treatment could reverse the effect of es-

trogen deficiency in bone repair assays. Although IBV has not been shown before to be an ERb ligand, we found it to be �5-fold more
10 iScience 27, 109275, March 15, 2024
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selective for ERb. PHX, a semi-synthetic derivative of genistein and daidzein, was the second most potent compound tested and has pre-

viously been shown to displace E2 from ERa in rat uteri (EC50 of �500nM).55 PHX, also known as idroxinil and haginin E, has been studied

for its ability to sensitize colon cancer cells to 5-fluorouracil and oxiplatin through induction of caspase-3 RNA levels and activity70 though

clinical use has not been successful due to low bioavailability.71 However, the concentrations used in these studies generally were much

higher (1-10mM) than the observed EC50 we determined for ERa activation (<20nM), comparable to what we observed in the zebrafish

model.

We also characterized three new flavonoids with no previously published literature on ERa or ERb. Isosakuranetin, echinatin, and lour-

eirin A all showed sub-micromolar EC50 for both ERa and ERb array formation and MCF-7 growth assay. Differences in EC50 for the assays

presented in this article can be related to time of ligand exposure (1 h for array binding, 72 h for zebrafish, 120 h for MCF7 growth) as well

as compound uptake and metabolism in the zebrafish assay. Isosakuranetin, found in plums and mandarin oranges, is able to relieve

chronic pain in rats72 and has been shown to be a potent inhibitor of TRPM3 channels in neurons.73 Echinatin can protect against arterial

stiffening74 and induce apoptosis in colorectal cancer cells lines HT116 and HT29.75 Loureirin A, found in dragon’s blood76 was used to

promote blood circulation and can relieve arthritis pain in mice.77 The potency of these compounds in our model makes them potentially

interesting candidates for estrogen replacement therapies/supplements. Although this study is the largest screen of flavonoids tested for

ERa and ERb activity to date, there remain �6,000 compounds in the flavonoid class that contribute to pigments of fruits, vegetables, and

medicinal plants,78 that could potentially show a similar scale of wide ranging subtype-selectivity. If the hit percentage (40%) we found in

our library holds true for the larger set of flavonoid compounds, that means there could be as many as 2,400 estrogenic flavonoids many of

which could show subtype-selectivity that remain to be characterized. The ERb-selectivity of the bavachin compounds (bavachin, isobava-

chalcone, neobavaisoflavone, and IBV) provides a core of compounds to help determine the flavonoid chemical structure required for ER

subtype selectively and an excellent starting point for the creation of synthetic subtype-selective compounds. These studies showcase how

we are just scratching the surface of flavonoid-ER biology with potent estrogenic flavonoids like IBV being underutilized in estrogen

research and therapies.
Limitations of the study

A limitation of this study includes the reduced sensitivity of the ERE-GFP reporter in transgenic zebrafish to estrogen. Due to the required

aquatic addition of hormone and necessity to diffuse through the skin, the assay required 10nM E2 to activate the reporter in the zebrafish

model, while our cellular assay responds to 100pM E2. Also, most flavonoid compounds were lethal >10mM to zebrafish embryos; nonethe-

less, we were able to confirm four hits that were among the most potent in our cellular assays. With 10mM concentrations of flavonoids, it is

possible that some compounds may be less subtype-specific at concentrations higher than 10mM.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Flavonoid Compound Library Selleckchem L7700

Estradiol SigmaAldrich

Isobavachin TargetMol T3931

Phenoxodiol TargetMol T16522

Bavachin TargetMol T3846

Isobavachalcone TargetMol T3861

Neobavaisoflavone TargetMol T6S0139

Daidzein TargetMol T1238

GEquol TargetMol T4000

Genistein TargetMol T1737

Echinatin TargetMol T3926

Isosakuranetin TargetMol T5S0229

Loureirin A TargetMol T5S0896

Lichochalcone A TargetMol T3600

Liquiritigenin TargetMol T3325

Experimental models: Cell lines

ERa-GFP:PRL-HeLa Mancini Lab

GFP-ERb:PRL-HeLa Mancini Lab

GFP-AR(DBDswap):PRL-HeLa Mancini Lab

GFP-PR(DBDswap):PRL-HeLa Mancini Lab

MCF-7 Mancini Lab

Experimental models: Organisms/Strains

Transgenic Zebrafish Daniel Gorelick Lab

Software and algorithms

Pipeline Pilot Image Analysis software Biovia https://www.3ds.com/products-services/biovia/products/

data-science/pipeline-pilot/

Orange Software Demsar et al. (2003) https://orangedatamining.com

AAT Bio EC50 Calculator AAT Bio https://www.aatbio.com/tools/ec50-calculator

Other

dsRED2 FISH Probe LGC Biosearch Custom
RESOURCE AVAILABILITY

Lead contact

Further information for resources and reagents should be directed to and will be fulfilled by the lead contact, Michael Mancini (mancini@

bcm.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request. This paper does not report any original code. Sources are listed in

the key resources table for all analysis programs utilized. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell experiments were performed with ERa-GFP:PRL-HeLa, GFP-ERb:PRL-HeLa, GFP-ARDBDswap:PRL-HeLa, GFP-PRDBDswap:PRL-HeLa, or

MCF-7 cell lines. The PRL-HeLa cell lines are under doxycycline control of their nuclear receptor. All cell lines are maintained in phenol-

red free Dulbecco’s modified eagle’s media (DMEM) containing 10% fetal bovine serum (FBS), with the GFP cell line media containing

200 mg/ml Hygromycin and 100mg/ml G418, and the MCF-7 cell media containing 1X Penn/Strep. Cells were plated for 48hrs in 5% char-

coal-stripped FBS, phenol-red free DMEMbefore treatment on a Greiner 384-well optical bottom plate. To initiate receptor expression, cells

were treated with doxycycline (1mg/ml) 24 hours before experimental treatment.

Transgenic zebrafishwere obtained and handled through the BCMAdvanced Technology ZebrafishCore. Adult zebrafishwere raised on a

14-h light, 10-h dark cycle in the BCM Zebrafish Research Facility on a Tecniplast recirculating water system (Tecniplast S.p.A., Buguggiate,

Italy). All zebrafish used for experiments were Tg(5xERE:GFP)c262 (37,38). All zebrafish experiments were approved by the BCM Institutional

Animal Care and Use Committee.

Adult zebrafish were allowed to spawn naturally in groups for one hour, after which embryos were harvested. Embryos were collected in

60 cm2 Petri dishes in E2B with methylene blue (7.5 mMNaCl, 0.25 mM KCl, 0.5 mMMgSO4, 75 mMKH2PO4, 25 mMNa2HPO4, 0.5 mMCaCl2,

NaHCO3, 0.00005% methylene blue) before being sorted into densities of no more than 100 embryos in new 60 cm2 Petri dishes containing

E3B (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mMMgSO4, 0.00002% methylene blue), and then stored in an incubator at 28.5�C on a

14-h light, 10-h dark cycle until treatment. Embryos (still within their chorions) were plated into a 96-well plate that was preloaded with the

chemicals of interest. Using a 1000 ml pipet tip with the narrow end cut off, embryos were collected 3 at a time in 200 ml E3B for each well

of the plate. Completed plates were then stored in a completely dark incubator at 28.5�C until embryos were ready to be imaged. Embryos

were allowed to hatch naturally from their chorions.

Zebrafish were anesthetized using tricaine at 25 mg/mL. Plates were then imaged (brightfield and GFP channels) with a Yokogawa CV8000

microscope using an Olympus 4x/0.16 objective scanning the whole well. A z-stack of 500 mm was collected at 50 mm steps, converted into

maximum intensity projections for image analysis. Each image was qualitatively evaluated by visual inspection and scored for number of live

zebrafish, those appearing dead or under stress (stressed zebrafish have a curved spine/dead zebrafish can be seen in varying states of

decomposition), GFP signal in the heart valves, or GFP signal in the liver.
METHOD DETAILS

Fluorescence in situ hybridization

Cells in a 384-well plate were fixed in EM-grade 4% formaldehyde in RNAse-free phosphate-buffered saline for 20 min and then permeabi-

lized with 70% ethanol in RNAse-free water at 4�C overnight. Cells were washed in wash buffer (WB, 2X SSC and 10% formamide), followed by

hybridization buffer (0.1g dextran sulfate, 1ml of 20X SSC buffer, 1ml of formamide and 8ml of nuclease-free water) containing a dsRED2 RNA

probe (Q670, LGC Biosearch Technologies, diluted 1:1000) or GREB1 intron (A647N) and exon (Q570) probes (LGC Biosearch Technologies,

diluted 1:500) overnight at 37�C. Following probe hybridization, cells were washed with WB for 30 minutes, followed by 2X SSC buffer con-

taining DAPI for 30 min. Cells were left in 2X SSC for imaging.
High throughput imaging & analysis

PRL-Array cells were imaged on an ImageXpress Micro (Molecular Devices) high throughput confocal microscope with a 20X/0.75 NA lens

including seven z-stacks at 1mm intervals in the GFP and FISH channels without image binning and 4 fields per well. Image analysis was per-

formed using a customworkflowdevelopedwith the imaging collection within the Pipeline Pilot GUI-based programming platform (PLP, BIO-

VIA) as described previously.79 In brief, images and metadata data are first read into PLP and then background corrected. Next, the ER-GFP

and FISH z-stacked images are projected using the ‘‘stack focuser’’ plug-in integrated into PLP. The DAPI signal is then used to define nuclear

regions that are subsequently expanded by 8mm to include analysis of the perinuclear cytoplasm. Array segmentation is performed using a

local subtraction (per nuclear area), peak-finding algorithm followed by user-defined filtering to minimize false-positives. Count, morpho-

metric and intensity-based features are subsequently measured for each channel and mask combination.

For GREB1 smFISH analysis in MCF-7 cells, images were taken on a Cytivia DeltaVision deconvolution microscope using a 60X/

1.4NA oil immersion lens from glass coverslips. Further technical details can be found in a smFISH protocol paper published by our

group.56
qPCR and proliferation

For qPCR, MCF7 cells were plated for 48h in 5% charcoal-stripped FBS, phenol red free Dulbecco’s modified Eagle’s medium before treat-

ment in a 6-well plate. Cells were treated with compound for 24 hours before media was removed and TriReagent was added. Total RNA was

isolated using theDirectzol RNAminiprep kit (Zymoresearch) using themanufacturer’s instructions, including a DNAse treatment. Onemicro-

gram of total RNA was reverse transcribed using Moloney Murine Leukemia VVirus (M-MuLV) reverse transcriptase, random hexamers and

dNTPs (New England Biolabs). The cDNA was analyzed with real-time PCR using 1x SYBR iTaq Supermix (BioRad) with primers synthesized

by IDT. Reactions were carried out in an Quantstudio 6 Flex (ThermoFisher) for 40 cycles. The fold change in expression was calculated using

the DDCt comparative threshold cycle method,79 with ribosomal protein 36B4 mRNA as an internal control.
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For proliferation studies, before treatment MCF7 cells were plated in a 384-well for 120h in 5% charcoal-stripped FBS phenol red free Dul-

becco’s modified Eagle’s medium. Compounds were added to MCF7 cells for 120h followed by fixation and DAPI staining. Nuclei were

counted automatically using PLP. Each compound/dose was performed in quadruplicate wells.
QUANTIFICATION AND STATISTICAL ANALYSIS

Graphics & statistical analysis

All graphics were made using Microsoft Excel unless otherwise stated. The heat map in Figure 2 was made in the data analysis software Or-

ange.80 p-value was determined using student’s t-test for single comparisons or one-way ANOVA for independent samples and a Tukey HSD

post-hoc test for comparisons across multiple samples. EC50’s were calculated using the AAT Bio EC50 calculator.
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